In this study, fracture toughness of North American elk (Cervus elaphus canadensis) antler and bovine femur were measured using four-point bending tests on single-edge notched compact samples (ASTM C1421). Tests were conducted on crack growth directions longitudinal and transverse to the long axis of antler and bone in both dry and hydrated conditions to study the effects of fiber orientation and hydration. Fracture toughness results in the transverse orientation were much higher than that in the longitudinal orientation and increased with degree of hydration for both antler and bovine femur. The fracture toughness of antler was ~ 50% higher than that of bovine femur. The highest fracture toughness value was obtained from the hydrated antler in the transverse orientation, which reached 10.31 MPa·m 1/2 compared to that measured from bovine femur, which was 6.35 MPa·m 1/2 . The crack propagation and fracture surface were characterized using scanning electron microscopy. Toughening mechanisms, including crack deflection by osteons, uncracked ligament bridging, and microcracks formation, were observed and discussed. Comparisons between antler and bone were made.
INTRODUCTION
Deer antlers, one of the fastest growing tissues in the animal kingdom, have a main function in intraspecific combat and have been designed for sustaining high impact loading and bending moment without fracture [1, 2] . Antlers have a similar microstructure as mammalian long bones, composed primarily of type-I collagen fibrils and carbonated apatite crystals, arranged in osteons in the compact bone and a lamellar structure in the cancellous bone. However, there are distinct differences between antler and bone. First, antlers have lower mineral content (~ 30 vol%) compared to bones (~ 40 vol%) [3] . Secondly, antlers consist mainly of young primary osteons whereas most adult limb bones consist of secondary osteons and older interstitial bone [4] .
There are limited reports on the mechanical properties of antlers [5] [6] [7] [8] [9] [10] . Antler was found to have the lowest mineral content and consequently the lowest elastic modulus, roughly half that of the bovine femur [5] . Red deer antler had similar ultimate tensile strength as bovine femur, ranging between 100 and 140 MPa; however, the strain at failure (8-10%) and work of fracture (6186 J/m 2 ) for antler were 4-5 times greater than bovine femur [3] . Numerous studies on the fracture properties of bone were performed at various conditions, such as microstructure, orientation, hydration, strain rate, age, and diseases [11] [12] [13] [14] [15] [16] [17] [18] [19] . However, the fracture toughness of antler has not been studied. In the present work, we report the fracture toughness of elk antler and bovine femur and address the orientation and hydration effect on the fracture properties. The crack propagation and fracture surface were characterized under SEM and possible toughening mechanisms of antler were proposed.
EXPERIMENTAL DETAILS
Fully-grown antler from North American elk (Cervus elaphus canadensis) was obtained from a trading company (Into the Wild, WY, USA) and bovine femur was purchased from a local butcher. Samples from the compact region of antler and bovine femur were sectioned into rectangles (25 mm long, 4 mm wide and 3 mm thick) using a diamond saw. Notches were made using a 0.15 mm diameter wire saw and the notch length ~ 1 mm was measured under optical microscope. Two equal sets of samples were prepared with the crack growth direction was either parallel (longitudinal or growth orientation) or perpendicular (transverse orientation) to the long axis of antler and bone. Samples in each orientation were tested in dry and hydrated conditions, which led to eight groups, as shown in Table I . Ten samples in each group were prepared, which resulted in total eighty samples. Re-hydration was accomplished by soaking samples in Hank's balanced salt solution (HBSS) for at least 24 hours. Quasi-static bending tests (strain rate ~ 10 -3 sec -1 ) were conducted on a universal testing machine (Instron 3346 Testing Systems, MA, USA) equipped with a lab-designed four-point bending fixture. Fracture toughness was calculated following the ASTM C1421 single-edged notched four-point bending method [20] . The fracture surface was characterized by a field emission scanning electron microscope (FEI-XL 30, FEI, OR, USA).
DISCUSSION
The cross-sectional microstructures in compact bone from antler and bovine femur are shown in Fig. 1 (a) and (b), respectively. Osteons (Os), vascular channels (Va), Volkmann's canals (Vo), and lacunae spaces (L) can be observed in both antler and bovine femur. However, there are several distinguishable differences between the two. Antler consists mainly of primary osteons, which contain newly formed concentric lamellae surrounding vascular channels. Primary osteons are generally smaller, irregular in shape, and do not have surrounding cement lines. High density of vascular channels which leads to accelerated growth rate can be observed. Bovine femur, on the other hand, consists of secondary osteons embedded in the interstitial bone. Secondary osteons result from bone modeling, and have a more rounded, uniform shape compared to primary osteons. Secondary osteons are surrounded by cement lines, which are considered as a weak path for fracture. The hypermineralized cement line plays an important role in the fracture of bone by deflecting the propagation of microcracks [4, 14, 16] . The fracture toughness results for elk antler and bovine femur in different orientations and hydration conditions are summarized in Table I . Fracture toughness values in the transverse orientation are 2-4 times higher than that in the longitudinal orientation and increase with the degree of hydration for both antler and bovine femur. The effect of orientation on fracture toughness is more significant than the effect of degree of hydration. The fracture toughness of antler is ~ 50% higher than that of bovine femur. The highest fracture toughness value is obtained from the hydrated antler in the transverse orientation, which reached 10.31 MPa·m 1/2 while the lowest fracture toughness value is that measured from dry bovine femur in the longitudinal orientation, which is 1.81 MPa·m 1/2 . The fracture toughness results for bovine femur in hydrated condition are consistent with previously reported values (5.7 MPa·m 1/2 in the transverse orientation [11] and 2.1-2.9 MPa·m 1/2 in the longitudinal orientation [11] ). SEM micrographs of representative crack propagation for antler samples fractured in the longitudinal and transverse orientations after bending tests are shown in Fig. 2(a) and (b) , respectively. In the transverse orientation, cracks tend to deflect away from the original extension direction as encounters the osteons and propagate along internal interfaces, causing delamination. Deflections of ~ 90º can be observed in Fig. 2(a) . Crack deflection is also observed in bovine femur samples. In the longitudinal orientation, cracks propagate linearly along the osteons, as shown in Fig. 2(b) . In both orientations, uncracked ligament bridging which is the main toughening mechanism in bone is observed. Microcracks initiate ahead of the main propagating crack, resulting in the formation of uncracked ligament bridges. Other toughening mechanisms, such as collage fiber bridging and microcrack formation around main crack, are also observed [16, 18] . Fracture surfaces of the antler and bovine femur samples after bending tests in dry conditions are shown in Fig. 3(a)-(d) . The fracture surface of antler is very uneven and fibrous, indicating a ductile failure, as shown in Fig. 3(a) and (b) . Fig. 3(a) shows the presence of transverse cracks and delamination around osteons in the transverse orientation. In the longitudinal orientation (Fig. 3(b) ), separation between lamellae and fibrous nature of fracture surface are observed. The fracture surface of bovine femur, in contrast, appears very flat and smooth, indicating a brittle failure, as shown in Fig. 3(c) and (d) . Delamination around osteons is also seen in bovine femur (Fig. 3(c) ). The relatively flat region between secondary osteons corresponds to interstitial bone, which has higher degree of mineralization and brittle mechanical property. Fracture surface of bovine femur in the longitudinal orientation is very smooth and similar to the cleavage fracture in brittle materials (Fig. 3(d) ). Cracks propagate through the weak path of cement line and lead to brittle failure.
The high fracture toughness has been attributed to the relatively low mineral content and the microstructure of antlers [6] . Both antler and bovine femur derive their toughness by uncracked ligament and collagen fiber bridging, crack deflection, and microcrack formation. However, the cracks formed in antler follow a much more tortuous route, resulting in rougher fracture surface compared with bone. Another toughening mechanism is that antler consists mainly of primary osteons which has no cement lines and interstitial bone, which are considered as the weak path for fracture. 
CONCLUSIONS
In this study, we report the fracture toughness of North American elk (Cervus elaphus canadensis) antler and bovine femur in different orientations and hydration conditions. Fracture toughness in the transverse orientation is much higher than that in the longitudinal orientation due to the crack deflection and increased with degree of hydration. The fracture toughness of antler is ~50% higher than that of bovine femur which is attributed to the lower mineral content and microstructure of antler. Toughening mechanisms, including crack deflection by osteons, uncracked ligament bridging, and microcracks formation, are observed in both antler and bovine femur samples.
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